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KhjitkgNM:2_59>lgNMW5K::2nm76RQ8Kh45O_9:O72tMq5Q82ngNM9po"2_59 L = 60 irq_h9:27Kts
u
2_Q848MQIrgNM~WkvjMRK:2w4UTbMW5W59:6wmxv82ym76RQ8Kh45O_9:O72>zg27Kq]rM{g2_59:KoQ86aiX`QjM{g27KX4527KtWjM9ZM{irq_h9:27KX4d
i[6u4kq|g2o452ngTbM7]\6RQK:6RQuhg27K?Kh5`]rMQI:27Ktn
θ0 = −3 452|o
γ0 = −5.5 452|o
υa0 = 55.28
it®K
Y0 = 0 i
φ0 = 0 452|o
ψ0 = 0 452|o
δl0 = 0
δm0 = 0
δT0 = 0.1.
u
6R59}gNMPWkvjMRK:2v4UTbM9h9:6RQ84d>6RQLMP5hjg`K:OygNMPh9ZM:A2~m_:6R`9:2~]"2_9hhSmlM{g2yVas¡~qW59:O7K:2_Qu:O72h?gNM
K:2~m_h6RQ~asj\es {lss

QgNMQlm72gNMi|MQ`ñ5]u9:24UTbM9h9:6RQ84dG?gTbM{g`h`h8452 H0 = 20 i2>\W;6R59fMh:2_`Q84d9:2
gNM+]\`:27K:K:2?]"2_9hhSmlM{g2 H˙(tT ) = −0.5 it®KfM}i[6ai[2_QI>452m:6Rlmxv82_9gNMW5Kh:2eswM+]u`:27K:KZ2m45O7Kh`9:O72
27KhoIM9:45O72m76RQ8KhZMQI:2L? υa0
W;2_Q848MQIm72_h:2?WkvjMRK:2esŁMW;2_QI:2z45O7Kh`9:O72?27KhcmlM{gSm_kgO72L?WjM9hh`9c452
gNMf]\`:27K:K:2]"2_9hhSmlM{g2y45O7K:`9:O72 H˙∗(t) WjM9yn γ∗(t) = MZMQ H˙
∗(t)
X˙0
6¤ X˙0 =
−H˙0
tan γ0
27KhgNMm76aiXW;6rKZMQu:2
452gNM[]u`:27KZK:2 υa0
K:2|g6RQgTbM52g6RQkor`h84d`QjM{gA452gNM[W5Kh:2esc6aii[2t48MQ8K"6R9po"2_Q8KZ2_Qd}ej6RQSM
m76RQ8Kh45O_9:OJ5Q MQkoeg2452wZMQkoIM{o"2v45O7Kh`9:OJ452gNMV6R9pi[2 θ∗ = −k(H − H∗) + θp s

Q MW59hK
k = 0.15 2_ θp = 3.517 452|ols
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QQ82m76RQ8Kh4kq_9:2cSm_I82cg27Ki[6R5]"2|i[2_QI:K48MQ8Kzg2iWkgNMQt]"2_9hhSmlM{gUngTbM7]\6RQq27Khk`Q5`hNM{g2|i[2_QI
WkgNMam7O48MQ8KgTbM52452gNMW5Kh:2  Y = 0 ?2_~K:27KMQkoeg27K~452S9:6Rkg`Kp2_~452gNMam72_K:6RQu~QIkgK
 φ = ψ = 0 s

Qm76RQ8K:2_9h]"2O|oIM{g2|i[2_QI5Q822_QIh9:O72452 m76aii|MQ8452X452oIMlm¡v5K:K:2|i[2_QuQIkgjg2
 δl = 0 am72I5Ib 2_Q¢gTbM8K:2_Qlm72f452cW;2_9hh59hjMh6RQ8KA2\:O_9h2_59:27Kmb WY2_9pi[2_£¤gTbM7]\6RQ[452y9:27K::2_9
M{g`jorQ8OpMl]"2~mgNMSW5Kh:2es¥TbMl]u6RQL27KhXWkgNMam7Ov`Q5`hNM{g2|i[2_Quwh9:6RW¦vjM5|WjM9[9ZMW5WY6R9h£gNMSWY2_Qu:2
4UTbMW5W59:6Łm¡v82~Q86aiX`QjM{g2esyT6R§2~m_h¨+27Kh|M{g6R9:K[452J9:2©§h6R`Q84d9:2gNMPW;2_QI:2v4UTbMW5W59:6wmxv82Q86aiX`QjM{g2e
2_+452q9:O|orkg2_9ªg27K4d/u;O_9:2_Qu:KWjM9ZM{irq_h9:27KtW;2_QI:2e;]\`:27K:K:2eYZMQkoIM{o"2!MP]RM{g2_59:KQ86aiX`QjM{g27K
m76RQ8Kh45O_9:O727K#]"6R`9@Hlor59:27Kzas}X2_zasbae~s
327Kf2_QIh9:O727Km76aii|MQ848MQug27Kci[6R5]"2|i[2_Qu:Kg6RQkor`h84d`QjMK:6RQucgNMªo"6R5]"2_9hQ82452mW59:6{V6RQ«
452_59m2_hgNMqW;6R8K:K:O724527Ki[6R:2_59:Ktn δm 2_ δT dQ86R:O727KmK:6R8KgNM¢V6R9pi[2+4dv]"2~m_:2_59
ulo = (δm, δT ). Vasj\le¬~
u
6R59ªmxvjMau82XKhjiokgNMh6RQ­U6RQS9:2_W59:O7K:2_Qu:2_9ZMg27KzWjM9ZM{irq_h9:27Ko4di[6\4kq|g2 g6RQkor`h84d`QjM{g452
gTbM7]\6RQnlg27Km2_QIh9:O727K452¢m76aii|MQ8452 δm 2_ δT kgTbMQkoeg2q452+ZMQkoIM{o"2 θ kgNMW;2_QI:2 γ kgNM[]u`:27KZK:2
452gTbM7]\6RQ υa \2_fKZMtW;6rKh`h6RQ Z = f(X) 48MQ8Kg2=WkgNMQ]"2_9hhSmlM{g®s

Q~MtO|oIM{g2|i[2_QI?9:2_W59:O7KZ2_QI:O
Z˙ M`Q8K:­I82ngTO_]"6ag`5h6RQP4527K>`QV6R9pi|Mh6RQ8K?]\Kh82|gjg27Kts
\j{¯¬

Z3Zia0^3^3XﬃY0Y!Ùa"Ú ­]%Û:X\¢]tÜ:^LWY'Yja0^Û!XﬃY'Yja0_ka0]
ZÛ:XﬃY­[a0£

Qym76RQ8Kh4kq_9:2=5Q82°m76aii|MQ8452452meKuW;2±"Ê²wm76aii[2zW59:O7KZ2_QI:O72+MwK:2~m_h6RQ8K°\essbasq2_
as {lsj\ess
u
6R59±mlM{gSm_kg2_9±gNM i|Mh9hSm72+6RW5hji|M{g2 K 56RQPMqW59hK Q = I6 2_ R = I6 sk³AQ~W59ZMhSu82e
6RQ|M5hjg`K:Og27K¥g6RQlm_h6RQ5QjM{g``:O7Kc4drg6aorSm_2|gUP"gŁ¯´?2_y452gNMµ¥¶a·jgp¶RŁk¸º¹»_C¼¾½º¶t¶RŁS´p¶t¿eu45O74dO72
£ gNMm76aii|MQ8452ejWY6R59hmlM{gSm_kg2_9 K s

Q6R5h2_QIqn
K =
[
13.6 3.5 50.8 −0.178 −0.084 −0.991
2.66 −0.282 9.496 0.978 1.420 −0.131
]
8
 ,`mmÇIH
ﬂ,u!¨GWIòq:ﬂI¬
yTbM7]\6RQsKZ2|h9:6R5]"2`Q5`hNM{g2|i[2_QI}£gNMp4dKhZMQlm72
Xi = −4100 i 452gNMzW5Kh:2e2_¥£±gTbM{g`h`h8452 Zi = −491 iÀs
v
m72_h:2f4dKhZMQlm72eRW;6R59ÂÁ_h9:2>Kh59gNM
h9ZM§h2~m_:6R`9:2y4UTbMW5W59:6wmxv82egTbM7]\6RQt452_]\9ZM`K:2Ah9:6R5]"2_9Â£gTbM{g`h`h8452 Zi0 = −Xi∗tan(γ0) = −395
iÀslT2_9h9:2_59m`Q5`hNM{g2o2_QM{g`h`h8452o27K:?456RQlm+452 Zs = Zi0 − Zi = 96 iÀs

Q~5hjg`KZ2Sm_gNMÃg6R3452ªm76aii|MQ8452RVasj\la}~n
ulo = K(ylo − y∗lo),
2_+6RQÄm76RQ8Kh4kq_9:2}I3T 5Q82i[27K:59:2[4d`9:2~m_:2[4527K+WjM9ZM{irq_h9:27K ylo = (θ, θ˙, γ, υa, υ˙a, Z) 27Kh+4dKp«
W;6RQ5`kg2esk³AQJW59ZMhSI82gNMt5`kg`6Rpvlq~I82+WY2_9pi[2_hZMQu?452=K:jiokg2_9g2°m76aiXWY6R9h:2|i[2_Qum452gTbM7]\6RQ
V6R59hQ5` θ, γ, υa 2_ Z sl327K=45O_9h`]"O727K=WjM9m9ZMW5W;6R9h=Mp:2|iXW8KzK:6RQuz27Khhji[O727K°£XWjM9hh`9=4dZM
4UTbMam~m_9:6RK:K:2|i[2_Qut2_Quh9:2|452_i[27Kh59:27KoKhlm~m727KZKh`]"27Kt3MS`Q8KhZMQI:K t 2_ t + dt n x˙(t + dt) =
x(t+dt)−x(t)
dt
56¤ x(t) 27K:gNMÃi[27Kh59:2£ gT `Q8KhZMQu t 52_ dt gNMWYO_9h6\452K:O_WjM9ZMQuz452_i[27Kh59:27Kts
<=6R:6RQ8KhI82°gNMqWkgNMQ5¨ÅÆmlMh6RQP452h9ZM§2~m_:6R`9:2+Q3T27Kh>WjMRK>5hjg`K:O72W;6R59hm72_h:2W59:2|iXSq_9:2+KhjitkgNM«
h6RQ­s
MÅlor59:2vasbaepW59:O7K:2_QI:2g27Kq9:O7Khkg`ZM:KX6R5:2_Qu8Kts

Q]"6R`u82}gTbMl]u6RQ 9:2©§h6R`QIÃgNMWY2_Qu:2
4UTbMW5W59:6wmxv82+MW59xq7Kf2_QI]\`9:6RQ 40 K:2~m76RQ84527Kf2_ 1500 irq_h9:27KÇs
u
5KfjgY9:27Kh:2=KhZM5jg`K:O=Kh59gNM+W;2_QI:2
4UTbMW5W59:6wmxv82eŁ§-8K¡I3T£m72¢I82gNMÃi|MQ`ñ5]\9:2t4UTbM9h9:6RQ84dK:6R`m`Q5`hO72e£gT `Q8K:ZMQI t = 67  X =
−210 its  Q{W;2_5]"6R`9oKh59ngNMÅlor59:2|asbaeyu82X4527K+6rKxm_jgjgNMh6RQ8Kt4UTbM{iXWkg``h8452[jiXW;6R9hZMQI:2
K:6RQuo"O_Q8O_9:O727KzM~45O_55tkg2=:2|iXW8Km4529:2©§h6R`Q84d9:2°gNMqh9ZM§pm_:6R`9:2Q86aiX`QjM{g2e5Q86RZM{ii[2_QI=Kh59gNM
W;2_QI:2tÈÅlor59:2tasbaes45>2_hgTbMQkoeg2t452ZMQkoIM{o"2tÈÅlor59:2qasbaesÉm!sÆMm76aii|MQ8452q452W59:6{V6RQ8452_59
δm 6rKxm_jgjg2{O|oIM{g2|i[2_QuØÈÅlor59:2 asbaesbM~sm<zOlMQki[6R`Q8KtgTbMl]u6RQ 9:2©§6R`QugNMWY2_Qu:2{4UTbMW5W59:6Łm¡v82
ÈÅlor59:2[asbaes 
2_KZM]\`:27K:K:2q]"2_9hhSmlM{g2XK:2KhZM5jg`K:2 ÈÅlor59:2wasbaes sc6RQlm72_9hQjMQugNMw]\`:27K:K:2e
K:6RQqO_]"6ag`5h6RQq27Kh^Wkg`8K^456Rlm72DÈÅlor59:2fasbaes2!ﬁ:6R5zm76aii[2cm72|gjg2c452gNM¤m76aii|MQ8452f452W;6R8K:K:O72
δT ÈÅlor59:2asbaesbM~sÊzP45O_WjM9htËgTbMl]u6RQ ×W5Su82~×t2_KZM|]u`:27KZK:2qMkoei[2_Qu:2e;W55K=jg^9:2©§h6R`QI°gNM
W;2_QI:2+4UTbMW5W59:6wmxv82t2_¤m76RQ8K:2_9h]"2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n
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³Am4UTbM5h9:2+WjM9ht
λ2δ12δ˙12 = λ
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δ12(−q∗>n Qυ)
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L˙ = −δ>11[q∗n]×Qυ − λ2δ12q∗>n Qυ. QÚÊ swrS
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2_mM7]"2~m F (|q|) = R|q|√
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f˙ =
∂F (|q|)
∂|q|
˙|q|qn + F (|q|)q˙n. QÚÊ sj\trS
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q˙n = −[ω]×qn − 1|q|(I3 − qnq
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(∂F (|q|)
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∂G(|q|)
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∂|q| qnq
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√
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MQkoeg2 ψ WjM9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o"O76Łm72_Quh9hSI82 F0 K:6RQIz456RQ5Q8O727K?WjM9(Q]"6R`9Ålor59:2osj\uS=n
X = r cosφ cos θ Qg°sj\uS
Y = r cosφ sin θ Qg°srS
Z = r sinφ. Qg°sbarS
u
6R59=WjMRKZK:2_9z4dp9:2_WËq_9:2 F0 MP9:2_WËq_9:2 Ff j6RQp]RMwM{g6R9:Kz2ÍU2~m_h82_9z5Q82qK:O_9h2t452+h9ZMQ8KÞV6R9Þ«
i|Mh6RQ8Km`Qu:2_9pi[O74dNM`9:27KKhjiXWkg27Kt82_±m76RQ8Kh45O_9:2_9=K:lm~m727K:Kh`]"2|i[2_QI±g27K?9:2_Wq_9:27K F1  F2  F3 82_
F4 Q]"6R`9¥Ålor59:2>°sj\uSs u 6R59mxvjMau82>h9ZMQ8KÞV6R9pi|Mh6RQ|4d[9:2_Wq_9:2 Fi ]"2_9:Kg2f9:2_WËq_9:2 Fj r6RQ[O~m_9h`
gNMÃi|Mh9hSm72nv86ai[6aoÓq_Q82t452ªmxvjMQko"2|i[2_Qu=4529:2_Wq_9:2ªm76R9h9:27KhW;6RQ848MQI:2
jMi
s
• }zQWjMRK:KZ2X452 F0 £ F1 WjM9+5Q82[h9ZMQ8KpgNMh6RQ452 r sinφ K:2|g6RQÒgTbM52 z0 ­m72ru5KlTO~m_9h`
K:6R8KhgNM¢g6R9pi[2+452ªgNM i|Mh9hSm72ªv86ai[6aoÓq_Q82+452ªm¡vjMQko"2|i[2_QI4529:2_Wq_9:2Xn
1M0 =

1 0 0 0
0 1 0 0
0 0 1 −r sinφ
0 0 0 1
 Qg°s ÇS
• }zQWjMRKZK:2+452 F1 £ F2 WjM9m5Q829:6RZMh6RQP4UTbMQkoeg2 θ M5:6R59=452ngTbM52 z1 Æm72ªI5^KlTO~m_9h`
K:6R8KhgNM¢g6R9pi[2+452ªgNM i|Mh9hSm72ªv86ai[6aoÓq_Q82+452ªm¡vjMQko"2|i[2_QI4529:2_Wq_9:2Xn
2M1 =

cos θ sin θ 0 0
− sin θ cos θ 0 0
0 0 1 0
0 0 0 1
 Qg°srS
era
e Þ
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ÙkÖ
• }zQsWjMRK:K:2J452 F2 £ F3 WjM95Q82h9ZMQ8KpgNMh6RQ452 r cosφ g2g6RQko{452gTbMd2 x2 Âm72u5
K TO~m_9h`mK:6R8KgNM V6R9pi[2452ngNM i|Mh9hSm72ªv86ai[6aoÓq_Q82t452nmxvjMQko"2|i[2_Qu=4529:2_Wq_9:2[n
3M2 =

1 0 0 −r cosφ
0 1 0 0
0 0 1 0
0 0 0 1
 Qg°sbrS
• }zQpWjMRK:K:2o452 F3 £ F4 WjM9m5Q82o9:6RZMh6RQP4UTbMQkoeg2 −(pi/2 + φ) M5:6R59=452ªgTbM52 y3 Æm72
u53KlTO~m_9h`mKZ6R8KgNM¢g6R9pi[2o452°gNMÃi|Mh9hSm72nv86ai[6aoÓq_Q82o452nm¡vjMQko"2|i[2_QI4529:2_Wq_9:2[n
4M3 =

− sinφ 0 cosφ 0
0 1 0 0
− cosφ 0 − sinφ 0
0 0 0 1
 Qg°sÈmS
• }zQPWjMRK:K:2q452 F4 £ Ff WjM9z5Q82q9:6RZMh6RQ{4UTbMQkoeg2 ψ M5:6R59452¢gTbM52 z4 Qg6RQSKh5W5W;6rK:2
u82ªgNM[W5Kh:2o27K:z6R9h2_QI:O72K:2|g6RQgNM[4d`9:2~m_h6RQ ψ WjM9m9ZMW5W;6R9hMS<=6R9:45SÆm72 I5kKlTO~m_9h`
KZ6R8KgNM¢g6R9pi[2o452°gNMÃi|Mh9hSm72nv86ai[6aoÓq_Q82o452mxvjMQko"2|i[2_QI4529:2_Wq_9:2[n
fM4 =

cosψ sinψ 0 0
− sinψ cosψ 0 0
0 0 1 0
0 0 0 1
 Qg°s¬rS
âk`QjM{g2|i[2_QItlgNMi|Mh9hSm72°v86ai[6aoÓq_Q82452°m¡vjMQko"2|i[2_QIz452=9:2_Wq_9:2áQg4d9:2_Wq_9:2 F0 M9:2_Wq_9:2
Ff Sc27KhgNM[Kh5`]RMQu:2[n
fM0 =
fM4
4M3
3M2
2M1
1M0
Qg°swrS
mrT27KhÞ«ä£«C4d`9:2wn
fM0 =

− cosψ sinφ cos θ − sinψ sin θ − cosψ sinφ sin θ + sinψ cos θ cosψ cosφ 0
sinψ sinφ cos θ − cosψ sin θ sinψ sinφ sin θ + cosψ cos θ − sinψ cosφ 0
− cosφ cos θ − cosφ sin θ − sinφ r
0 0 0 1
 .
36R9:K¡I82gNM{W;6rKh`h6RQx452gTbM7]\6RQx27Kh45O~m_9h`:2K:6R8K}gNMV6R9pi[2452K&MgNMh`h8452 φa ¥g6RQkor¨«
h8452 θa U2_tM{g`h`h8452 ra U6RQ{W;2_5tM{g6R9:K°Mam_jg2|i[2_QIt2dW59hji[2_9oK:27Km76u6R9:456RQ5Q8O727Kv86ai[6aoÓq_Q827K
Q Xa, Ya, Za, 1 Sf48MQ8K¤g29:2_WËq_9:2 Ff g`Oª£ÃgNMqW5Kh:2Xn
Xa
Ya
Za
1
 = fM0

ra cosφa cos θa
ra cosφa sin θa
ra sinφa
1
 Qg°sj\trS
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Ì
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ÕpÕ©Öxßpß
×SÔ¡Ô
É
ÙkÖ em
F3 F4 F5
F1 F2F0
φ
θ
r
Z
X
Y0
â
ã ä
å
æ
å ç
è
æ
ç
é êëìtí î
ëðï ñ òó
ó ô õ
ö ÷
ø
x0
y0
z0
x0
y0
z0
y1
z1
x1
r sinφ
x1
y1
z1
x2
y2
z2
θ
x0
y0
z0
x3
y3
z3
x2
y2
z2
r cosφ
x0
y0
z0
x0
y0
z0
x3
y3
z3
x4
y4
z4
φ
x0
y0
z0
x5
y5z5
x4
y4
z4
ψ
êëÈìCÝ
°sj\cíîGç9ëeñiìçià
às÷:þ9þ9ç9àsàsá
é
à
þ9ßã:àsá<èïiì®ï9à5ëß÷!ì5ëä¥àsàsçeìBè:÷cìç9ëeñiìçúïißùþ9ç9ãùâsìáßô÷:ç F0 ä¥÷Cìç9ëeñiìç Ff  ¥â-ä¥ã:úç9ãùâ
íJæ<äCàs÷!ì
é
ä¥þiç¦è:çnæ<äÒù[çiìsìç& Wß'ìá<çiãâ®ïnàsçiæ<ß¥ãVæFé ä0î!ç¦è:çqæ<äCëWáﬀà\âçï
er Þ
É
Ô¡Ô
É
ÙkÖ
Ì
Ãß|ÖeÜ\ßxß|Ö@Ù
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® ¯°¯¬±¥²I± ú
û
EG;HJ»I@KEL8PFJ³µFJAC798 ¹¼EL@ H´7üFJ³µFJAC798;@
M}i|Mh9hSm72t452o9:6RZMh6RQ
fRa
Qg6R9h2_QIZMh6RQ{4dP9:2_WËq_9:2 Fa WjM9z9ZMW5WY6R9h°£X5Qp9:2_WËq_9:2 Ff 
Ålor59:2sj\uS3W;2_5Á_h9:29:2_W59:O7KZ2_QI:O72fK:6R8K­gNMg6R9pi[2i4UTbMQkoeg27K4UTÉ³Akg2_9c
f
6ait59:2¢¬e¬sac2_WY2_Q848MQut
jg82\K::2iWkg`8K:2_59:K¥m76RQI]"2_QIh6RQ8Ki4UTbMQkoeg27K4UTÉ³Akg2_9t"KZ2|g6RQ g27KM527KM5:6R594527Kxu82|gKA6RQ:6R59hQ82e
2_k48MQ8Kzu82|gu6R9:4d9:2es
u
M92d2|iXWkg2eg27KMQkoeg27K^4UTÉ³Akg2_9 (z, x, z) m76R9h9:27KhW;6RQ8452_QI¥£?5Q82yW59:2|iXSq_9:2
9:6RZMh6RQM5:6R59~452 z >Kh5`]\2S4UT 5Q82S9:6RZMh6RQM5:6R59~4d Q86R5]"2|goMd2 x f2_J2_QÅ8Q4UT 5Q82
9:6RZMh6RQxM5:6R59[4dsQ86R5]"2|gzM52 z 
f
6aio59:2 ¬e¬ﬁsA<z6R8KW59:O7KZ2_QI:6RQ8KXSm_g27K[MQkoeg27K[4UTÉ³Akg2_9
M7]"2~mgNMÃm76RQI]"2_QIh6RQ (z, y, x) s
xa
ya
za
xf
yf
zf
Fa
Ff
fRa
êëÈìCÝ
sj\±íRýmìáﬀç9ãùâ-ä'âáﬀßãDè:÷@ìç9ëeñiìç Fa ëWä'ìBì-ä¥ë:ëß¥ìsâmä¥÷gìç9ëeñiìç Ff
}zQ~W;2_5?`QI:2_9hW59:O_:2_9m72_h:29:2_W59:O7K:2_QuZMh6RQP452452_yMaÜ76RQ8K?O~I5`]rM{g2_QI:27KÇs
þÀß Çß 	
 oß

ß

}zQWjMRK:K:2o4d9:2_Wq_9:2 Ff Mp9:2_WËq_9:2 Fa WjM9z4527K?9:6RZMh6RQ8K
Khlm~m727K:Kh`]"27KM5:6R594527KAM527K4527K9:2_WËq_9:27KAKhlm~m727KZKh¨gK Ff  F0 2_ F1 QÈÅlor59:2hsrSem76aii[2>Kh5`fn
erÈ
ee¬
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Ì
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Ô
ß

Õ
É
Õ
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Ô
\es>9:6RZMh6RQP4UT 5QpMQkoeg2 ψ M5:6R59z452ngTbMd2 zf Q = z0 S=ndWjMRK:KZM{o"24d~9:2_Wq_9:2 Ff M~9:2_Wq_9:2
F0
s>9:6RZMh6RQS4UT 5Q{MQkoeg2 θ M5:6R59=452ªgTbM52 y0 Q = y1 Sn5WjMRKZKZM{o"2o4dp9:2_WËq_9:2 F0 M9:2_Wq_9:2
F1
as>9:6RZMh6RQ4UT 5QqMQkoeg2 φ M5:6R59k452gTbMd2 x1 Q = xa SAnlWjMRK:KZM{o"2y4do9:2_Wq_9:2 F1 Mt9:2_WËq_9:2 Fa
θ
xf
yf
zf = z0
x0
y0 = y1
ya
za
x1 = xa
z1
ψ
φ
φ
θ
ψ
êë^ìJÝ
s¢ík#mã:úæﬀç9àGèIé ø`÷Wæﬀçiì (z, y, x) û:ìß¥÷Wæﬀáﬀà
ó
φ ôG !â-ä¥ã:újä'úç
ó
θ ôG :æ<ä¥þ9çeâ
ó
ψ ôeï
}zQsW;2_5M{g6R9:KX45O~m76aiXW;6rK:2_9
fRa
KZ6R8K¢gNMÀV6R9pi[2
fRa =
fR0
0R1
1Ra
sÂ³AQs2\W59hji|MQu
mxvjMam_5Q82t4527Ki|Mh9hSm727Km452+9:6RZMh6RQ~`QI:2_9pi[O74dNM`9:2eY6RQ6R5h2_QIM{g6R9:K+n
fRa =
 m ψ − K ψ 0K ψ m ψ 0
0 0 1
 m θ 0 K θ0 1 0
− K θ 0 m θ
 1 0 00 m φ − K φ
0 K φ m φ
 Q®sj\uS
=
 cosψ cos θ − sinψ cosφ+ cosψ sin θ sinφ sinψ sinφ+ cosψ sin θ cosφsinψ cos θ cosψ cosφ+ sinψ sin θ sinφ − cosψ sinφ+ sinψ sin θ cosφ
− sin θ cos θ sinφ cos θ cosφ

c2_h:2>9:2|gNMh6RQ[W;2_9pi[2_iM{g6R9:Ki452fWjMRK:K:2_9452gNM±V6R9pi[2i|Mh9hSm72?452f9:6RZMh6RQJMXMQkoeg27Ki4UTÉ³Akg2_9
(z, y, x) s
 ﬁﬀﬁ ﬂ
 oß

ß
ﬃ fRa = R(zf ,ψ)R(yf ,θ)R(xf ,φ)
²m6RZMh6RQ8KzKhlm~m727K:Kh`]"27Km48MQ8Kg29:2_WËq_9:2nÅkd2 Ff QÈÅlor59:2ÃsbarSn
\es>9:6RZMh6RQP4UT 5QpMQkoeg2 φ M5:6R59m452ngTbM52 xf
s>9:6RZMh6RQP4UT 5QpMQkoeg2 θ M5:6R59m452ngTbM52 yf
as>9:6RZMh6RQP4UT 5QpMQkoeg2 ψ M5:6R59=452°gTbMd2 zf
	ÖeÜËß

¡Ô
ÖxÙËÕ
É
Õ
×

Ù
Ì
Ö
Ô
ß

Õ
É
Õ
×

Ù
Ô
emw
xf
yf
zf ψ
φ
θ
êë^ìJÝ
sba¢ík#mã:úæﬀç9àGè:ç"ìß¥÷Wæﬀáﬀà
ó
φ ôG â-ä¥ã:újä'úç
ó
θ ôG :æ<ä¥þ9çeâ
ó
ψ ôeï
}zQ W;2_5oM{g6R9:Ko45O~m76aiXW;6rK:2_9
fRa
K:6R8KngNMV6R9pi[2
fRa = R(zf ,ψ)R(yf ,θ)R(xf ,φ)
³AQ2w«
W59hji|MQImxvjMam_5Q82o4527K¤i|Mh9hSm727Km4529:6RZMh6RQp`QI:2_9pi[O74dNM`9:2eY6RQ~6R5h2_QI=M{g6R9:Ktn
fRa =
 m ψ − K ψ 0K ψ m ψ 0
0 0 1
 m θ 0 K θ0 1 0
− K θ 0 m θ
 1 0 00 m φ − K φ
0 K φ m φ
 Q®srS
}zQ~]"6R`?jii[O74dNM:2|i[2_Quu3T jgKlTbM{or`?452ngNM irÁ|i[2oO~IjMh6RQu82ÕQ®sj\uSs
âk`QjM{g2|i[2_QIt¥g27KXMQkoeg27KX452w9:6Rkg`KÞ«ZMQkoIM{o"2«®gNMam72_|K:6RQuXO~I5`]rM{g2_QI:K[MMQkoeg27KX4UTÉ³kg2_9
45OÅ8Q5KmK:2|g6RQgNMÃm76RQI]"2_QIh6RQ (z, y, x) s
  !" ß#$ﬁ &%
}zQ[WY2_5iO|oIM{g2|i[2_QIi[6RQuh9:2_9gNM9:2|gNMh6RQKh5`]rMQI:2?2_Quh9:2g27Km76aiXW;6rKZMQI:27Ki452
gNMw]u`:27K:KZ2qMQkorkgNM`9:2¥Q ωa = (ωax , ωay , ωaz)
Sz4dS9:2_WËq_9:2 i[6R5jg2 FA WjM99ZMW5W;6R9hMS9:2_Wq_9:2
Åkd2 FF  2_Ðg27K]RM9hNMh6RQ8K4527KkMQkoeg27Kk452y9:6Rkg`KÞ«ZMQkoIM{o"2«®gNMam72_.Q φ˙  θ˙  ψ˙ S<=2|gK:6RQ we¬{c6\6awrÈw
Û
:2_]"2_Q8K^weyn  ωaxωay
ωaz
 =
 1 0 − K θ0 m φ m θ K φ
0 − K φ m θ m φ
 φ˙θ˙
ψ˙
 . Q®sbarS
rae
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(
*Ã )
f1UA/yV*3=-/|[9ÅCVX4d/0U?3=cg?/yV1Uü[9gY`+*?1U `Rbqf\WY4g-
32Ñi[6\4kq|g2{Q86RQ«®g``Q8OlM`9:24UTbM7]\6RQ27Kh~456RQ5Q8O{WjM9g27K~O~IjMh6RQ8KÍQVase¬rS£=QVasbaÇSsh27K
m76RQ8KhZMQI:27Kz`QI:2_9h]"2_QjMQu=48MQ8K¤m727K?O~IjMh6RQ8KmW59:2_Q5Q82_QI±g27K?]rM{g2_59:K?Kh5`]rMQI:27Kon
υa0 = 55.28
ik£K
α0 = 0.13218 (= 7.57 452|or9:O7K )
M7]"2~mgNMÃm76aii|MQ8452o452W;6R8K:K:O72Xn
δT0 = 0.1
2_
nzα = 4.2
nxα = −0.3
nz00 = 0.99
nx00 = −0.1175
Mα = −10
Mq0 = −3.5
Mδm0 = 0.3
MFCS = 2.35
Lp0 = −3
Lδl0 = 0.97
ωT = 0.25
XδT = 0.414
Lv− = −∞
Lv+ = ∞.
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TO_ZM=4529:OgO_9:2_Qlm72tM5:6R59z4dlu82|gg27K?O~IjMh6RQ8KzK:6RQIm]RM{gNMkg27Kz27Khg2Kh5`]rMQIon
α = 0.1326 (= 7.6 452|or9:O7K )
ωy = ωy0 = 0 (
6R − 0.0013 W;6R59iX2_v9:2~m76R5WY2_9¤g27K?KhjiokgNMh6RQ8K )
γ = γ0 = −0.096 (= −5.5 452|or9:O7K )
pυ = pυ0 = 0
µ = µ0 = 0
υa = υa0 = 55.28
nxT = nxT0 = 0.0414 (= δT0XδT )
M7]"2~mªg27K?2_QIh9:O727K=452nm76aii|MQ8452
δm = δm0 = 0
δl = δl0 = 0
δT = δT0 = 0.1.
(
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f1UA/yV*3_-/|[9ÅCVX4d=/0U?3½cU?-(`0f.-^]_1f910(f.3ZU°`Rbqf.(0VXgY/20 U
}zQÑm76RQ8Kh4kq_9:25Q82W;2_QI:2qQ86aiX`QjM{g2[4UTbMW5W59:6wmxv82:2|gjg2u82 γ0 = −5.5 452|or9:O7K2_°g27K]RM«
g2_59:KAQ86aiX`QjM{g27Ki456RQ5Q8O727KW59:O~m7O7452|ii[2_QIQVMQ5Q82d2
f
sj\uSso}zQw6R5h2_QIiM{g6R9:KAW;6R59¥g27K¥i[6\4kq|g27K
456RQ5Q8O7KzMvO~ujMh6RQ8K(QVasb \uSf2_(QVasbe¬rSn
3546!78 97oß:7;%

φ¨
ψ¨
ψ˙
Y˙
=

−3.0 0 0 0
0.1773 0 0 0
0 1 0 0
0 0 55.026 0


φ˙
ψ˙
ψ
Y
+

0.9615
0
0
0
 δl Q f sj\uS
3546!78 97
6<8ﬁ4=
ﬁ:7>%

θ˙
θ¨
γ˙
υ˙a
υ¨a
Z˙
 =

0 1 0 0 0 0
−10 −3.5 0 −0.08502 0 0
0.759 0 −0.7526 0.00656 0.002405 0
0 0 0 0 1 0
−5.881 −2.993 3.398 −0.06329 −0.342 0
0 0 −55.03 0.09585 0 0


θ
θ˙
γ
υa
υ˙a
Z

+

0 0
0.3 0
0 0
0 0
0 1.005
0 0

[
δm
δT
]
Q
f
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® ¯°¯¬±¥²I± ?
@ 8;³D<ﬁAe@KE ¹¼E <?³ <C79A ¹¼E :½79¸ ¸ ³D8;¹¼E
<?³µF´»IHJ³D<CE
}zQm76RQ8Kh4kq_9:2ªg2Kpú\K:xq|i[2Y6Rlm|gOWjM9gNMg6R3452nm76aii|MQ8452ªgNM:O_9ZM{g2ÕQVasj\te¬rSyQ]"6R`9Ålor59:2
asrrSs }zQ}m76RQ8K:4kq_9:2?Sm_Æu82gT6RQ[9:27Kh:2m48MQ8Kg2?456ai|M`Q82¤g``Q8OlM`9:2eI2_y6RQ[Q82?h2_QIyWjMRKm76aiXW5:2
4527KKZMh59ZMh6RQ8KÇs}zQ+9ZMW5W;2|gjg2¥g27KU]rM{g2_59:KUQIki[O_9hSu827K^4527K­oIM`Q8K ωi Q i ∈ {1, 2, 3} Syn ω1 = 0.08
9ZMR45£Kt ω2 = 0.2 9ZMR45£Kt ω3 = 0.5 9ZMR45£Kt
f
2ªi|MQ5Sq_9:2¢m|gNMRK:KhSu82ej6RQ~5hjg`K:2gNMXh9ZMQ8KÞV6R9pi[O72o452¢MWkgNMam72o2_=6RQàm76RQ8Kh4kq_9:2g27KV6RQlm«
h6RQ8Ky452fh9ZMQ8KÞV2_9h4d|KpúdKhxq|i[2f2_y4drm76R9h9:2~m_:2_59= }=Kh:2_9hZM{oRse32?K¡mxv8O|i|M«kg6wm?4d|KpúdKhxq|i[2
Y6Rlm|gOo452_]u2_QuzM{g6R9:K¤m72|g`5452°gNMÃÅlor59:2ª³hsj\e86 s 27KhhgNMq]rM9hNMkg2+Kpúwio;6ag`SI82 s = jω s
+
−
+
−
+
−
g
υas
ω1
υa
1
ks
ω3k
ω2υa
g
υa
s
commande du roulis
commande du lacet
commande de la position late´rale
Y (s)φc(s)ψc(s) φ(s) ψ(s)Yc(s)
êëÈìCB
³hsj\íED!þ-ß{ïiøGFIHJnþLKøøGFNMOHJ6PQFNR®ïTS;FNPQJVU
}zQ]"6R`u82ÃgT6RQW;2_5ªm76RQ8Kh45O_9:2_9+h9:6RKXWQ5`]"2lM$W[452m76aii|MQ8452emxvjMam_5QÌm76RQI:2_QjMQI
5QJ`QI:O|or9ZM:2_59(QÈV6R9pi[2z2_Q
1
s
452gNMnV6RQlm_h6RQ~452mh9ZMQ8Kpg2_9h SznŁgNMo;6Rlm|g2gNM+Wkg`8Kf`Qu:2_9hQ82=9:O|orkg2
gTbMQkoeg2S4529:6Rkg`Ktf2_Q8Kh5`:2p]\2_QIm72|gjg2àm76RQlm72_9hQjMQuÀgTbMQkoeg2P452àgNMam72_tc2_J2_QÅ8Q gNM W;6rKh`h6RQ
gNM:O_9ZM{g2es
c6RQ8Kh45O_9:6RQ8Kz:6R5m4UTbM;6R9:4gNMqY6Rlm|g2o452nm76aii|MQ8452ªgNMWkg`8K>`Qu:2_9hQ82esX}zQ~W;2_5?O~m_9h`9:2[n
φ(s) =
ω3
s
(φc(s)− φ(s))
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4UT66RQ~45O74d5`±gNM¢g6RQlm_h6RQ452+h9ZMQ8KÞg2_9h+n
Fr(s) =
φ(s)
φc(s)
=
ω3
s+ ω3
. QÚ³¤sj\uS
ãäg=M{or`J4UT 5QLKpúdKhxq|i[2p4dxW59:2|iX2_9J6R9:4d9:2e>M7]"2~mp5QxWáag2JQ9ZMam_`Q82S4d45O_Q86aiX`QjM:2_59J452àgNM
V6RQlm_h6RQ452h9ZMQ8KÞV2_9h Fr(s) S=n
sr = −ω3 = −0.5. QÚ³hsrS
<=6R:6RQ8KhI3T6RQWY2_5?2dW59hji[2_9 Fr(s) K:6R8KgNM V6R9pi[2nm|gNMRK:KhSu82
Fr(s) =
1
τs+ 1
,
M7]"2~m τ = 1ω3 = 2
KgNMÃm76RQ8KhZMQu:2o452:2|iXW8Kts
c6RQ8Kh45O_9:6RQ8Kh£oW59:O7K:2_Qug27Kc452_|;6Rlm|g27Kg27KiWkg`8Kc`Qu:2_9hQ827Kn¯gNM¢m76aii|MQ8452452¤gNMam72_ts}zQ
W;2_5hm72_h:2°g6RKmO~m_9h`9:2[n
ψ(s) =
g
υas
φ(s)
φc(s) =
ω2υa
g
(ψc(s)− ψ(s))
4UT6 gT6RQ45O74d5`tc2_Q2\W59hji|MQu φ(s) 2_Q g6RQlm_h6RQ452 φc(s) M7]"2~mÑQÚ³hsj\uScgNMÑV6RQlm_h6RQ 452
h9ZMQ8KÞV2_9hmKh5`]rMQI:2[n
Fl(s) =
ψ(s)
ψc(s)
=
ω2ω3
s2 + ω3s+ ω2ω3
. QÚ³¤sbarS
}zQ}Mm72_h:2g6RKq5QKpúdKhxq|i[2J4d K:2~m76RQ84 6R9:4d9:2eM7]"2~mv452_sWáag27K m76aiXWkg2527Krm76RQa§kor8O7K}£
WjM9hh2J9:O72|gjg2JQ8O|oIMh`]"2´Q9ZMam_`Q827KX4d W;6agjúuQláai[2 s2 + ω3s + ω2ω3 M 45O_Q86aiX`QjM:2_59|452ygNM
V6RQlm_h6RQ452h9ZMQ8KÞV2_9h Fl(s) S=n
sl1 =
−ω3
2
+ j
√
−ω23 + 4ω2ω3
2
= −0.25 + j
√
0.15
2
' −0.25 + 0.19j QÚ³hs ÇS
sl2 =
−ω3
2
− j
√
−ω23 + 4ω2ω3
2
= −0.25 − j
√
0.15
2
' −0.25 − 0.19j. QÚ³hsrS
<=6R:6RQ8KhI3T6RQWY2_5?2dW59hji[2_9 Fl(s) K:6R8KhgNM g6R9pi[2nm|gNMRKZKhSI82
Fl(s) =
ω2nl
s2 + 2ζlωnls+ ω
2
nl
,
Ù
É
ZY
Ô
Ö
Ì
Ö
É


×
Ì
ÖY)

ØØ
É
Ù
Ì
Ö^
É
Õ


ß
É
ÚÖ ram
M7]"2~m ωnl =
√
ω2ω3 ' 0.32 9ZMR45£K¤gNMXW5kgKZMh6RQ~W59:6RW59:2o2_ ζl = ω32√ω2ω3 ' 0.79 g2ªm76\2~}m_2_QI
4UTbM{i[6R9hhK:K:2|i[2_Quts*}zQpMO|oIM{g2|i[2_Qu |sl1,2 | = ωnl s
³AQÅ8Q­m76RQ8Kh45O_9:6RQ8Kg2=Kpú\K:xq|i[2¤m76aiXWkg2_>2_gNM¢m76aii|MQ8452452¤gNM+WY6rKh`h6RQgNM:O_9ZM{g2 Y s"}zQ
O~m_9h`tlm76aii[2+W59:O~m7O7452|ii[2_Quqn
Y (s) =
υa
s
ψ(s)
ψc(s) =
ω1
υa
(Yc(s)− Y (s))
2_m6RQ~45O74d5`tj2_Q~2dW59hji|MQI ψ(s) 2_Qg6RQlm_h6RQp452 ψc(s) Ml]"2~mÕQÚ³hsbarSn
Fy(s) =
Y (s)
Yc(s)
=
ω1ω2ω3
s3 + ω3s2 + ω2ω3s+ ω1ω2ω3
. QÚ³hsbrS
32cKpú\K:xq|i[2i2_Quh2_9k27Kh4doh9:6RK:Sq|i[2c6R9:4d9:2es{ãäg\Mm5QtWáag29:O72|g\Q8O|oIMh¨02_452_oWËáag27Kzm76aiXWkg2527K
m76RQa§-kor8O7K£+WjM9hh2m9:O72|gjg2zQ8O|oIMh`]"2áQ9ZMam_`Q827Kc4dwWY6agjú\Qláai[2 s3 +ω3s
2 +ω2ω3s+ω1ω2ω3 \M
45O_Q86aiX`QjM:2_59=452°gNMÃg6RQlm_h6RQ452h9ZMQ8Kpg2_9h F3(s) n
sy1 = −ω2
= −0.2 QÚ³hsÈmS
sy2 =
−(ω3 − ω2)2
2
+ j
√
−(ω3− ω2)2 + 4ω1ω3
2
= −0.15 + j
√
0.07
2
' −0.15 + 0.13j QÚ³hs¬rS
sy3 =
−(ω3 − ω2)2
2
− j
√
−(ω3− ω2)2 + 4ω1ω3
2
= −0.15 − j
√
0.07
2
' −0.15 − 0.13j. QÚ³hswrS
}zQ~]"6R`zM{g6R9:Khu82ngT6RQvW;2_5hi[2_hh9:2ngNM¢V6RQlm_h6RQp452h9ZMQ8KÞV2_9h Fy(s) KZ6R8KgNM¢g6R9pi[2|n
Fy(s) =
ω2
(s+ ω2)
ω1ω3
(s2 + (ω3 − ω2)s+ ω1ω3) .
QÚ³hsj\trS
³AmK:6R8KhgNM¢g6R9pi[2ªm|gNMRKZKhSI82
Fy(s) =
ω2
(s+ ω2)
ω2ny
(s2 + 2ζyωnys+ ω
2
n)
,
M7]"2~m ωny =
√
ω1ω3 = 0.20 9ZMR45£KgNMtW5kgKZMh6RQJW59:6RW59:22_ ζy =
ω3−ω2
2
√
ω1ω3
= 0.75 g2°m76\2~}m_2_QI
4UTbM{i[6R9hhK:K:2|i[2_Qutsºã©m_M8K:Kh®56RQpM |sy2,3 | = ωny s
c6aii[2~6RQsW;2_5 g2]"6R`9|MK:O|i[2_Qu[Kh59Ãg2mlMRK4d W59:2|iX2_9[6R9:4d9:2eWkg`8KÃg27KWËáag27KXK:6RQu
g6R`Q452ngTbM52ji|M{or`QjM`9:2ejWkg`8KhgNMm76RQ8KhZMQI:2o452:2|iXW8Km4dKxú\Khxq|i[227K:VM`kg2e82_?456RQlm+Wkg`8K
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−0.05
0
0.05
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0.15
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0.25
s
r
s
l1
s
l2
ω
nl
s
y1
s
y2
s
y3
ω
ny
Re
Im
êëÈìCB
³hs¢íX[KV\^]_R`]_KVMaHJL\5b/cVP_JL\$b/KedSþ-ßOF ôfdJ-g/KVdWþLP_JhHJ"þLKVijiGFVMOHJ HFNM\5P_J=bPkFNMLþLKVijbP_JTlJ.ûJLMmS`Ked:úeJnP_J
b/ceP_J sr
HJnPQFCg/Ked:þLP_JIHJnþLKeijiGFNMOHJnHdmS`KedP_]_\ /JLMogP_JLdpP_JL\ﬁb/ceP_JL\ sl1
JTR sl2
HJnPQFCg/KVdWþLP_JqHJnþLKVijiGFVMHJ=HJ
PQF¥þLJ>Rh OJTR$JLMoiGFVdreJ-P_JL\$b/ceP_JL\ sy1
  sy2
JTR sy3
HJ-PkFCg/KVdWþLP_JhHJqþLKeijiGFNMOHJ=HJnPQFsb/KV\^]tR`]QKVMpPQFNR®ïTS;FNP_JeU
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gNMJ9:O_W;6RQ8K:2X4dKpúdKhxq|i[2X27Kh9ZMW5452~ }=Kh:2_9hZM{oyRs
f
MQ8KQ86Rh9:2rmlMRKtU6RQ]"6R`ªu82gNM;6Rlm|g2
gNMWkg`8K`QI:2_9hQ82ÔQÚm76aii|MQ8452|4d{9:6Rkg`K SMg2WËáag2 g2Wkg`8KO|g6RjorQ8O[452 gTbM52ji|M{or`QjM`9:2ÔQ sr 
]"6R`9(QÚ³hsrSf2_hÅlor59:2ª³hsrSnkmrT27Kh?456RQlmªgNMqY6Rlm|g2ªu5M g2:2|iXW8Km4529:O_W;6RQ8K:2ng2Wkg`8K?9ZMW5452es
³AQ8Kh5`:2eg6R9:Kxu82gT6RQÎm76RQ8Kh4kq_9:2}gNMv;6Rlm|g2|452rm76aii|MQ84524dÄgNMam72_t^K:27K+Wáag27KkQ sl1
2_ sl2
S
KlTbMW5W59:6wmxv82_QIt452gT;Md2tji|M{or`QjM`9:2¥Q]"6R`9&QÚ³hs ÇSz2_¤Ålor59:2Ã³hsrStnYK:6RQP:2|iXW8K452o9:O_W;6RQ8K:227Kh
Wkg`8KO|g2_]"OesË³QÅ8Q­ºg27K=Wáag27K452gNM|Y6Rlm|g22d:2_9hQ82cQ sy1
 sy2
 sy3
SmK:6RQug27KzWkg`8K=W59:6Łm¡v827K452
gTbMd2+ji|M{or`QjM`9:2kQ]"6R`9(QÚ³hsÈmS>2_Ålor59:2³hsrSnkm72oK:6RQIg27K>Wkg`8K¤g2_QI:Kts
32Ãmxv86R¨S4527K¤oIM`Q8K ωi Q i ∈ {1, 2, 3} SMwO_:OVM`c§-8K::2|i[2_QIWY6R59°u82¢m72qK:6R`gNM[;6Rlm|g2
gNMtWkg`8Ki`Qu:2_9hQ82°gNM+Wkg`8Kc9ZMW5452e52_gNM+;6Rlm|g2gNM+Wkg`8Kf2d:2_9hQ82gNMoWkg`8Kg2_Qu:2eskc2|gNMq27Khc`QI:O_9:27Kp«
KZMQIW;6R59+45O~m76R5Wkg2_9ªmxvjMau82[O_ZM{o"2es³AQ2ÍU2_tY`QIh5`h`]"2|i[2_Qut^6RQÑm76aiXW59:2_Q84{52_QÒu3T jg27Kh
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Y ∗(t)
}zQm¡v:xmxv:Ã£1_piX:¤gŁfhmf!~}m_Ł a, b, c, d, e, f, g, h dagjú!láai
Y (t) = at7 + bt6 + ct5 + dt4 + et3 + ft2 + gt+ h QÚâsj\uS
niX5Sq£1f~mgŁf¤vI5¤mfO:dhŁO:h5Of
Y (t0) = Yi  Y (tf ) = 0
Y˙ (t0) = a5ψi  Y˙ (tf ) = 0
Y¨ (t0) = a5a3φi  Y˙ (tf ) = = 0
sjsjs
Y (t0) = 0 
sjsjs
Y (tf ) = = 0
QÚâsrS
³nh/ohlm~mffh|i(QÚâsj\uS:ORhŁ}
Y˙ (t) = 7at6 + 6bt5 + 5ct4 + 4dt3 + 3et2 + 2ft+ g QÚâs_rS
Y¨ (t) = 42at5 + 30bt4 + 20ct3 + 12dt2 + 6et+ 2f QÚâs ÇS
sjsjs
Y (t) = 210at
4 + 120bt3 + 60ct2 + 24dt+ 6e. QÚâsrS
³n~mh/mffj|ghŁO:J:N t0  tf :O{gŁOÇR:^OpiniXhSm_Ł|gjgŁX
t7i t
6
i t
5
i t
4
i t
3
i t
2
i ti 1
t7f t
6
f t
5
f t
4
f t
3
f t
2
f tf 1
7t6i 6t
5
i 5t
4
i 4t
3
i 3t
2
i 2ti g 0
7t6f 6t
5
f 5t
4
f 4t
3
f 3t
2
f 2tf g 0
42t5i 30t
4
i 20t
3
i 12t
2
i 6ti 2 0 0
42t5f 30t
4
f 20t
3
f 12t
2
f 6tf 2 0 0
210t4i 120t
3
i 60t
2
i 24ti 6 0 0 0
210t4f 120t
3
f 60t
2
f 24tf 6 0 0 0


a
b
c
d
e
f
g
h

=

Yi
0
a5ψi
0
a3a5φi
0
0
0

. QÚâs_rS
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}Olmw:|ghŁOrg Opi Ax = y f~m x = (a, b, c, f, e, f, g, h)  y =
(Yi, 0, a5ψi, 0, a3a5φi, 0, 0, 0) s³n}NgiXhSmf A qORhŁ {gŁO y = A
−1x
O¡fd5rg`¢tfhŁO¡fmf!~}m_ŁXÝ^OlmhŁO¡yg92/hhŁO 5h{gŁ Yi n
g`¢tOhŁNhŁO φi, ψi ng`¢_uŁO­:f>:Nm5h t0 Å:& tf 
a =
2
(−t0 + tf )7
(a3a5φitf
2 + 5tfa5ψi − 2tf t0a3a5φi + 10Yi + t02a3a5φi − 5t0a5ψi)
b =
−1
2(−t0 + tf )7 (15a3a5φitf
3 − 17tf 2t0a3a5φi + 72tf 2a5ψi − 4tf t0a5ψi +
140tfYi − 11tf t02a3a5φi − 68t02a5ψi + 140Yit0 + 13t03a3a5φi)
c =
1
(−t0 + tf t)7
(10a3a5φitf
4 + 5tf
3t0a3a5φi + 45a5ψitf
3 + 84tf
2Yi
−33tf 2t02a3a5φi + 81tf 2t0a5ψi + 252tfYit0 − 87tf t02a5ψi + 11tf t03a3a5φi
+84Yit0
2 − 39t03a5ψi + 7t04a3a5φi)
d =
−5
2(−t0 + tf )7 (2a3a5φitf
5 + 8tf
4a5ψi + 10tf
4t0a3a5φi + 14Yitf
3
−15t02a3a5φitf 3 + 58t0a5ψitf 3 − 6t02a5ψitf 2 − 7t03a3a5φitf 2
+126Yitf
2t0 − 54t03a5ψitf + 9t04a3a5φitf + 126Yit02tf
+t0
5a3a5φi − 6t04a5ψi + 14Yit03)
e =
10tf t0
(−t0 + tf )7
(2a3a5φitf
4 + 8a5ψitf
3 + 14tf
2Yi − 5tf 2t02a3a5φi
+13tf
2t0a5ψi + 42tfYit0 − 15tf t02a5ψi + 2tf t03a3a5φi
+14Yit0
2 + t0
4a3a5φi − 6t03a5ψi)
f =
tf
2
2(−t0 + tf )7 (a3a5φitf
5 − 7tf 4t0a3a5φi − 39t02a3a5φitf 3 + 65t03a3a5φitf 2
−240t02a5ψitf 2 − 420yt02tf + 10t04a3a5φitf + 60t03a5ψitf + 180t04a5ψi
−30t05a3a5φi − 420yt03)
g =
−tf 3
(−t0 + tf )7
(−tf 4a5ψi + tf 4t0a3a5φi − 7t02a3a5φitf 3 + 7t0a5ψitf 3
−21t02a5ψitf 2 + t03a3a5φitf 2 + 15t04a3a5φitf − 45t03a5ψitf − 140yt03
−10t05a3a5φi + 60t04a5ψi)
É
¢)u
Ì
Ö
Ô
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
Ö£R)
×
ÖxÙºÕ
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Ì



ZYÙ2¤
Ø
Ö Z∗(X) l\
h =
tf
4
2(−t0 + tf )7 (2ytf
3 − 14ytf 2t0 + 42yt02tf − 70yt03 + 14t02a5ψitf 2
−2t0a5ψitf 3 − 42t03a5ψitf + 30t04a5ψi − 7t03a3a5φitf 2
+t0
2a3a5φitf
3 + 11t0
4a3a5φitf − 5t05a3a5φi)
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Z
∗(X)
$fm&N{irqf a, b, c, d d2agjú!láai
Z∗(X) = aX3 + bX2 + cX + d, QÚâsÈmS
|gÐu:
Z∗(Xi) = Zi QÚâs¬rS
Z∗(Xf ) = Zf QÚâswrS
∂Z∗
∂X
(Xi) = tan(−γi) QÚâsj\trS
∂Z∗
∂X
(Xf ) = tan(−γ0) QÚâsj\e\uS
ORI:o|gŁOgÃirÁ|inipv:!ªu:pR Y ∗(t) s
}ﬂ 
a =
1
cos(γ0) cos(γi)(−Xi +Xf )3 (2Zi cos(γ0) cos(γi)
+Xf sin(γ0) cos(γi) +Xi sin(γi) cos(γ0)
−Xf sin(γi) cos(γ0) +Xi sin(γ0) cos(γi))
b = − 1
cos(γ0) cos(γi)(−Xi +Xf )3 (−2Xf
2 sin(γi) cos(γ0)
+2Xf
2 sin(γ0) cos(γi) +XiXf sin(γi) cos(γ0)
+3XfZi cos(γ0) cos(γi) + 2XfXi sin(γ0) cos(γi)
+3ZiXi cos(γ0) cos(γi) + 2Xi
2 sin(γ0) cos(γi)
+Xi
2 sin(γi) cos(γ0))
c = − 1
cos(γ0) cos(γi)(−Xi +Xf )3
(−6XfZi cos(γ0) cos(γi)Xi
−4Xf 2Xi sin(γ0) cos(γi) +Xf 3 sin(γi) cos(γ0)
+XiXf
2 sin(γi) cos(γ0)− 2Xi2Xf sin(γi) cos(γ0)
−Xi2 sin(γ0) cos(γi)Xf −Xi3 sin(γ0) cos(γi))
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d =
1
cos(γ0) cos(γi)(−Xi +Xf )3 (Xf
2(XfZi cos(γ0) cos(γi)
−3ZiXi cos(γ0) cos(γi)− 2Xi2 sin(γ0) cos(γi)
−Xi2 sin(γi) cos(γ0) +XiXf sin(γi) cos(γ0)))
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